Aims To establish the frequency of complications in adults with small ventricular septal defects, which have not undergone surgery.
Introduction
The small ventricular septal defect has been considered benign, not needing any treatment through life other than prophylaxis for a low risk of endocarditis. However, there have been suggestions that this is not always true [1] [2] [3] . In order to establish the frequency of complications in adulthood, a cohort of adult patients (over age 16 years) with small ventricular septal defects from a national cardiac centre, with an established unit dedicated to the care of grown-up congenital heart disease, has been studied.
Material and methods
The Grown-Up Congenital Heart (GUCH) Unit database at the Royal Brompton Hospital and Harefield NHS Trust in London was searched for patients with ventricular septal defect aged 16 years and over.
Included in the study were patients who had not been operated on in childhood, as the defect had been accepted as 'small' and met the criteria summarised in Table 1 [2] . Exclusion criteria are listed in Table 2 . Initially, 200 patients meeting the above criteria were found by searching the database. One patient had already died and 61 patients last seen between 1988 and 1993 could not be traced (33) or refused to attend for a follow-up visit (28). Twelve patients who had last been seen before the age of 16 years and were lost to follow-up (11) or did not attend for a follow up visit (1) were excluded. The study was therefore made on 188 patients. Thirty-five patients were fully evaluated in 1994, 103 attended in 1995-96. Each patient had a clinical examination, electrocardiogram, chest radiography and transthoracic echocardiogram; in 19 cases this was performed locally and transmitted to us. The follow-up period for this study was considered from the patient's 16th birthday to the year he/she was last seen. The date of surgery was taken as the end-point of follow-up, in patients who had surgical closure of their defects after age 16 years. Patients whose defects closed spontaneously after age 16 years continued to be reviewed.
Clinical notes, electrocardiograms and, where possible, catheter data (91 patients) and echocardiograms (174 patients) were reviewed or obtained. Electrocardiographic and echocardiographic parameters, heart size on chest radiography, symptoms, ability index, spontaneous closure, any complications and need for surgical closure were evaluated.
Classification of ventricular septal defects
The ventricular septal defects were classified by echocardiography as subvalvular or muscular [4] . Subvalvular defects are directly related to atrioventricular or semilunar valves or both, with bordering valvular tissue and no interposed muscle; they are further distinguished as subtricuspid, submitral (inlet), subaortic, subarterial doubly committed and subpulmonary defects, in relation to the contiguous valve. Muscular defects are completely bordered by muscle and may be apical, central and outlet (Fig. 1) . Subtricuspid defects are frequently associated with a shunt from the left ventricle into the right atrium through a 'cleft', tethering or shrinkage of the septal cusp of the tricuspid valve [5] .
Study population
One hundred and eighty-eight patients were included in the study, 101 women and 87 men. The patients' age when last seen was 17-72 years (mean 29·2) with period of follow-up between 1 and 56 years (mean 13·2; Fig. 2 ). Twelve (6%) patients were first referred to our centre because of complications; aortic regurgitation (2), bacterial endocarditis (5), heart failure (3) and 'palpitation' (2) . The majority (168) were referred because they were known to have a murmur in childhood and followed on into adulthood by the GUCH Unit or referred from other paediatric cardiac units or referred in adolescence or adult life for diagnosis. Mean pulmonary artery pressure <25 mmHg at catheterization after the first year of life* Max. diameter <1 cm on echo (adult) with a gradient between the left and right ventricle suggesting pulmonary artery pressure <40 systolic.
In the absence of cardiac catheter and no or insufficient echocardiographic data:
v no symptoms in childhood v pansystolic murmur at lower left sternal edge v normal heart size on chest radiography *We included a few patients with moderate pulmonary hypertension (mean pulmonary artery pressure between 26 and 40 mmHg) which we considered secondary to left ventricular dysfunction, when a small shunt had been documented earlier in life or patients fulfilled echocardiographic and clinical criteria as stated above. The localization of the defects is summarized (Fig. 3) . The site of the defect was unknown in 23 patients because they had no echocardiogram and would not return (14 patients) or because the defect could not be seen on the current echocardiogram (one patient) or had closed spontaneously when there had been previous oxymetric and left ventricular angiographic documentation and recording of a pansystolic murmur (eight patients). There was difficulty in classifying the defects, described by the surgeon as 'subaortic' in seven patients who had surgery without prior echocardiographic study available for review. As the term 'subaortic' is currently used for any subvalvular defects, and in our experience subaortic defects are usually large [4] , we suspect that these patients had, in reality, subtricuspid or small doubly committed defects.
The diagnosis of small ventricular septal defect was made or confirmed by cardiac catheterization in 91 patients (data available in 84), by echocardiography in 169 patients and purely clinical in seven. Fifty patients (26·6%) had associated congenital lesions in the cardiovascular system with more than one associated lesion in 15 (8%) ( Table 3 ). Bicuspid aortic valve and/or coarctation of the aorta were the most common occurring in 24 (12·8%).
Results

Survival
Three patients are known to have died during the follow-up period. One, a 67-year-old male with mild to *Left anterior descending arising from right coronary artery and passing behind the aortic root, arterial circumflex arising from the right sinus -intramural course. Fixed subaortic stenosis is not included because it is considered to be 'acquired' but is discussed separately (see text).
moderate acquired aortic regurgitation, died suddenly following prostatic surgery (patient 100, see later) and one aged 26 years, a normally asymptomatic male, died suddenly (see arrhythmia section). The third death occurred in a 42-year-old male with added 'myopathy', atrial fibrillation and chronic right heart failure who died from Gram-negative septicaemia. Twenty-two of the patients included in the study could not be traced to the end of the follow-up period.
Spontaneous closure of ventricular septal defect
In 19 patients (10%) the defect closed spontaneously between age 17 and 45 years ( Figure 4 ). The site was unknown (8) or subtricuspid (11) . In the latter, redundant tricuspid tissue could often be seen on echocardiogram and acquired mild tricuspid regurgitation was commonly observed; two retained residual mitral regurgitation and an enlarged left ventricle. An 'aneurysm' of the membranous septum was seen on the echocardiogram in 12 patients with small, incompletely closed, subtricuspid defect. Two patients developed fixed subaortic stenosis taking the form of a fibrous ridge (gradient of 20-30 mmHg) after the ventricular septal defect had closed; one developed complete right bundle branch block by the time the subaortic ridge was noted.
Surgical closure
In 20 (10·6%) patients, surgical closure of the defect was performed in adult life, age 17-44 (mean 25, median 22) years. Indications are listed in Table 4 . All defects were subvalvular.
Symptoms
One hundred and thirty-six patients (72%) were free from cardiac symptoms during the follow-up period. Symptoms attributable to other lesions occurred in six (Table 5 ). Reversible symptoms related to the defect were due to endocarditis (21 patients) or aortic regurgitation cured by surgery (5); three of the four with right heart failure were improved by surgical closure. Persistent symptoms were 'palpitation', with or without some dyspnoea (16) and chronic 'right heart failure' (4). Persistent serious symptoms were age-related, increasing after age 40 years. Endocarditis occurred in all decades and symptomatic aortic regurgitation was more common in younger patients (Fig. 5 ).
Specific complications
Infective endocarditis Twenty-one patients (11·2%), all with subvalvular defects, had bacterial endocarditis, five had two attacks; most frequently affected were the aortic and tricuspid valves, contiguous to the defect. There was often a considerable delay in diagnosis as fever and malaise had been treated with non-specific antibiotics over several weeks to months. In seven patients operation was performed to control infection; surgery involved not only closure of the defect but also aortic valve replacement (3) and tricuspid valve repair (3). In one patient in whom the diagnosis was delayed for 5 months (despite a positive blood culture after a miscarriage and dilatation and curettage) an abscess of the aortic root extending to the anterior mitral leaflet was present, requiring emergency surgery; the aortic valve and root were replaced with an aortic homograft, the defect was closed and vegetations removed from tricuspid, mitral and pulmonary valves. A further three patients had elective closure of the ventricular septal defect after the first or second episode of endocarditis. No deaths occurred in 
Figure 5
The age/decade of patients with a small ventricular septal defect when symptoms noted. In this figure, patients with a bicuspid aortic valve and those with conditions predisposing to atrial fibrillation (end-stage hypertrophic cardiomyopathy, acquired coronary artery disease and closed atrial septal defect) are not included. =arrhythmia with failure; =arrhythmia (without failure); =serious aortic regurgitation; =bacterial endocarditis.
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relation to endocarditis or surgery. Associated lesions were present in five patients.
Aortic regurgitation
Aortic regurgitation developed during observation in 37 patients (19·7%); in 12 there was an associated bicuspid aortic valve. The 25 patients with a once normal tricuspid aortic valve usually had outflow defects beneath the aortic and/or pulmonary valve. In one patient only, the defect was central muscular, but with the addition of a thin, bulging interventricular septum in the subtricuspid region, suggesting there had been an additional defect in this region which had closed spontaneously in childhood. Associated lesions other than the bicuspid aortic valve were present in two patients (one subaortic shelf and one repaired coarctation). Mechanisms of aortic regurgitation are listed in Table 6 . Surgery was needed in the three patients with aortic regurgitation due to endocarditis, in one patient with a bicuspid aortic valve and in five patients with a once normal tricuspid aortic valve with or without prolapse.
Subaortic stenosis
Fixed subaortic stenosis was present in 11 patients age 16 to 42 (mean 25) years, as a crescent ridge (3) or shelf (8) . The ventricular septal defect was subtricuspid (5), subaortic (2), doubly committed (3), unknown (1). In two cases, subaortic stenosis was diagnosed after spontaneous closure of the defect and we do not know when the lesion had developed. Obstruction was mild (peak gradient 20-30 mmHg) in all but one case (case 178; peak gradient 105 mmHg).
Electrocardiographic changes
First-degree heart block was present in four patients with a subtricuspid defect when first seen age 18 to 54 (mean 37) years. One with small subtricuspid defect had congenital complete heart block. Fifteen patients, with additional mild/moderate right ventricular outflow tract obstruction in five, had complete right bundle branch block. This was, or had been, present in 12 patients at their first visit (at age 16-40 years) and developed in three at age 31-45 years, in one case after the defect had closed. Left anterior hemiblock was present in eight patients with a subtricuspid defect at their first visit, age 16-53 years; two had mitral valve prolapse. One patient with a muscular defect had isolated complete left bundle branch block when first seen at age 18 years, and 12 years later the electrocardiogram was unchanged. Fifty patients fulfilled the electrocardiographic criteria for left ventricular hypertrophy (voltage criteria of Sokolow, often with ST changes); 26 had associated coarctation of the aorta, subaortic stenosis or significant aortic regurgitation, the other 24 no associated lesions causing left ventricular hypertrophy (Table 7) .
Arrhythmias Ventricular or supraventricular arrhythmias were documented in 16 patients: two patients had symptomatic frequent ventricular ectopics on Holter monitoring. In two further patients, aged 25 and 45 years, recurrent episodes of ventricular tachycardia, haemodynamically well tolerated, were documented and treated with betablockade and/or amiodarone. One had a muscular outlet defect, a bicuspid aortic valve with mild aortic regurgitation, had had coarctation repair in childhood and his left ventricle was dilated (65 mm). The second patient had a subtricuspid defect with extension into the outlet region, moderate pulmonary regurgitation and a dilated right ventricle; when first seen at age 42 years he was asymptomatic and his electrocardiogram showed left anterior hemiblock. Three years later he developed recurrent ventricular tachycardia and wide right bundle branch block (QRS 160 ms); under treatment with betablocker and amiodarone the QRS complex widened further (200 ms) with intermittent 2:1 heart block. No ventricular tachycardia recurred in either patient whilst on antiarrhythmic therapy. Supraventricular arrhythmias were documented in 12 patients with subtricuspid defects. Four patients had episodes of supraventricular tachycardia and eight developed atrial fibrillation (paroxysmal in three and established in five); in only three were there other conditions predisposing to atrial fibrillation (end-stage hypertrophic cardiomyopathy, acquired coronary artery disease, closed atrial septal defect). Atrial fibrillation was haemodynamically poorly tolerated in five patients (see later). One patient, age 26 years, with a 0·4 cm subtricuspid ventricular septal defect had a bulging aneurysmal large membranous sac 1·5 1·2 cm between the attachments of septal and anterosuperior tricuspid leaflets and died suddenly without warning of any symptom. The membranous septum was unusually large (pers. comm. Dr Leon Gerlis) but no abnormality was found in the conducting tissue (pers. comm. Professor R. Anderson and Dr Y. Ho). The medical records revealed he had always had right bundle branch block (0·10 s) and variable atrial arrhythmia, and had one syncopal attack age 11 years related to a reported rapid heart rate but nothing was found on admission to hospital and there was no recurrence.
Features of 'cardiomyopathy'
With the onset of atrial fibrillation which occurred age 32-69 years, five patients -one aged 44 years (case 102) with added hypertrophic cardiomyopathy, four (cases 100, 141, 156 and 173) without other haemodynamically significant lesions -developed features of severe congestion with ascites and oedema. Conversion to sinus rhythm resulted in dramatic improvement, but atrial fibrillation recurred despite antiarrhythmic therapy and finally became established in two. Small subtricuspid defects were present and after the onset of atrial fibrillation a left ventricular to right atrial shunt was obvious. At the onset of symptoms, ventricular dimensions and function were normal, mild regurgitation of the atrioventricular valves and significant dilatation of the atria were present. Later in three patients the ventricles dilated with impairment of systolic function. The moderately elevated pulmonary artery pressure in three cases was considered to be secondary to left ventricular failure, as the defects were clearly small. Surgical closure in one patient resulted in dramatic improvement. One (case 173), in chronic right heart failure for 10 years, died from Gram-negative septicaemia (Table 8) .
Left ventricular abnormality
Twenty-six patients, without an obvious structural lesion to account for it, had one or more features suggesting enlargement and dysfunction of the left ventricle; a cardiothoracic ratio greater than 50% (54-74%), an increased end-diastolic diameter of the left ventricle (>55 mm) demonstrated on the echocardiogram, acquired mitral regurgitation with a structurally normal mitral valve, abnormal septal diameter (end diastolic >12 mm) and/or movement ( Table 9 ).
In Table 10 the incidence of the most important complications is compared in the groups with and without associated lesions and the whole cohort. A separate analysis of the complication rate in patients with no associated lesions in the cardiovascular system showed no difference in incidence of infective endocarditis, aortic regurgitation and left ventricular abnormality compared to the whole group; the exception was an increased risk of aortic regurgitation in the presence of a congenitally abnormal aortic valve -bicuspid was the usual anomaly.
Discussion
This study documents that in patients who reached adult life with a small ventricular septal defect spontaneous closure can occur in any decade; in our group it was observed in 10% or 0·8% per year, similar to other reports [1, 6] . The mechanism of closure of subtricuspid defects is by apposition of tricuspid valve tissue, with or without formation of a septal aneurysm [5, 6] , but formation of an aneurysm does not automatically result in complete closure [6] . In our series, no muscular defects were documented to close spontaneously in adulthood, although it is likely that some of the defects of unknown localization were muscular and we assume it occurs. Prolapse of an aortic cusp [1] diminishes the size of some doubly committed and subpulmonary defects.
Infective endocarditis, occurring in 11%, was the most frequent and serious complication, as also reported in other series [2, 7] . In this series the incidence may be increased because of referral to a special unit when endocarditis had occurred. The course was frequently aggravated by diagnostic delay and in one third of the patients emergency surgery was undertaken for continued infection or associated haemodynamic deterioration. Closure of the defect in childhood would have prevented this complication except where there was already established left atrioventricular valve abnormality -congenital or acquired. The overall incidence of aortic regurgitation (19·7%) with small ventricular septal defect was similar to other series [7, 8] . It was severe enough to require surgical treatment in nine patients (4·8%). Twelve patients had a associated bicuspid aortic valve. Other known mechanisms were endocarditis, right or noncoronary cusp prolapse, and subaortic stenosis [9] . Eleven patients (44% of cases with aortic regurgitation) appeared not to have any of these mechanisms. Aortic regurgitation was probably caused by an intrinsic abnormality of the aortic sinuses or root associated with outflow subvalvular ventricular septal defects. This would explain why in adults closure of the defect alone did not relieve severe aortic incompetence which always required repair or replacement of the aortic valve [10] . Whether surgery in childhood would have prevented the onset of aortic regurgitation is unknown but possible [11] . The relationship between small ventricular septal defect and subaortic stenosis is well documented, [1, 5, [12] [13] [14] , but whether this relates to a congenital abnormality of the left ventricular outflow tract or acquired changes as the defect closes [5] is still speculative and what the abnormality is remains uncertain. Subaortic stenosis may not be detected clinically in the presence of ventricular septal defect [14] . With small ventricular defects various degrees of heart block [5, 15] , a higher prevalence of ventricular arrhythmias and sudden death [2, 3] have been reported. Fibrosis occurring during closure of a subtricuspid defect is a likely cause [2] . Left anterior hemiblock has been described, developing with closure or reduction in size of subtricuspid defects [5] , and occurred in this series, as well as complete right bundle branch block and first degree heart block. In our group, no patient acquired complete heart block although this has been documented [15] . Ventricular tachycardia occurred twice in our series; defects were muscular outlet and subtricuspid with extension into the outlet region and both patients had associated left (repaired coarctation and aortic regurgitation) or right-sided lesions (pulmonary regurgitation). It is likely that significant dilatation of the left or right ventricle was at least one pro-arrhythmogenic factor. Supraventricular arrhythmias, occurring in subtricuspid defects, were the most common arrhythmic complications we observed. Atrial fibrillation had disastrous effects in producing features of severe tricuspid regurgitation with right heart failure [5] . Although conversion to sinus rhythm brought important haemodynamic improvement, atrial fibrillation often recurred and once established left the patient in chronic failure. Echocardiographically the characteristic features at the onset of symptoms -huge dilation of both atria, mild mitral and tricuspid regurgitation, normal ventricular dimensions with preserved function -suggested restrictive physiology. Whether a form of cardiomyopathy was present or it was a mechanical effect of left ventricular to right atrial shunting is unknown. The considerable clinical improvement after surgical closure of the defect in one patient suggests that early surgery could have prevented deterioration. Left ventricular dilatation on echocardiography [2] , reduced left ventricular function on exercise [16] and subnormal working capacity and fractional shortening [17] are reported with small ventricular septal defects. A 'ventricular septal defect cardiomyopathy' was postulated by Bloomfield in 1964 [1] . Recalling a report of increased incidence of congestive heart failure in patients with small ventricular septal defects [18] , the author suggested an increased susceptibility to left ventricular disease, especially in the presence of hypertension or ischaemic heart disease; the defective septum was postulated to be unable to make its normal contribution to contraction, increasing the strain on the lateral wall, thus facilitating development of ventricular disease. Others believe a long-standing ventricular septal defect may lead to disturbed systolic function and increase of compliance of both ventricles via a chronic pressure and volume overload [17] . In our study, left ventricular disease was suggested by radiological and echocardiographic findings in a subgroup of patients. We think left ventricular disease occurs in patients with small ventricular septal defects, as part of diffuse congenital cardiovascular disease and unrelated to the actual defect. We find the other mechanisms unacceptable when the defect has been established as small over many decades. The presence of dysplastic cardiac muscle is a likely cause [5] and variable or no clinical features are possible.
Two limitations in this study exist. First the difficulty of accurately classifying a ventricular defect as 'small' by reproducible and reliable criteria when no cardiac catheter has been performed. It is questionable whether asymptomatic patients with defects that are too small to establish by non-invasive criteria and experienced clinical evaluation should have an invasive diagnostic examination. Thus we chose to include patients with defects judged as 'small' by commonly accepted clinical and non-invasive diagnostic criteria. The second limitation is the inclusion in the study of patients with associated lesions; in a number of cases it will remain unclear whether complications were favoured by the additional lesion. In this group aortic regurgitation, infective endocarditis and left ventricular abnormalities appeared equally frequent in a separate analysis of the subgroup without associated lesions, whereas arrhythmias and restrictive physiology might be less common in the absence of other lesions. However, the small numbers of patients does not allow definitive conclusions.
Conclusion
The course of small ventricular septal defects appears not entirely benign. The incidence of important complications (infective endocarditis, severe aortic regurgitation, symptomatic arrhythmia, frank heart failure) was 24·5% over 13 years, although it is accepted that there is a selection bias towards the complications in this series. Bacterial endocarditis is still a serious risk to be aware of and atrial arrhythmias become more frequent after the age of 40 years and can cause important deterioration. In this series, muscular defects, smaller in number, had a significantly lower incidence of complications. Surgical closure in childhood would decrease the incidence of bacterial endocarditis and possibly the development of aortic regurgitation and arrhythmias.
